Abstract-A contact model has been presented which assume that the contact forces between the work-piece and the tongs are simplified as the four resultant forces with friction point contact. And the contact forces are calculated based on this contact model. To simplify the contact status, a contact model with spring-damper system is presented by considering the deformation of the work-piece in this paper. And the dynamic equations of the work-piece are formulated based on this dynamic contact model. The solution of the dynamic equations is finished in Adams, and the contact forces and driving forces are calculated. By compared with the contact forces of the gripping model, the regularity of dynamic contact forces is found out. This is helpful for the design and optimization of large-scale forging manipulators.
INTRODUCTION
For forging manipulator grippers, the stability and reliability of gripping work-piece has been the focus of our attention and the driving force is the key factor to ensure safety. Therefore, the calculation and optimization of contact forces of the tongs and driving force of hydraulic cylinder of grippers is significant for the design and control of forging manipulators.
The calculation of contact forces is inevitable to involve the contact problems between the tongs and the work-piece. Contact problems in gripping manipulators are very complex. However, there are many methods to represent the contact model, the paper [1] has introduced general model of robot interacting with tools or work-piece. One of them is that contact deformation is considered on the work-piece side only, the contact forces depend strongly on elastic properties and the model is shown in figure. 1. It is due to the fact that the grippers are much harder than the work-piece when they are acting upon. Additionally, the fact that energy is losing in the course of contact exist. So it is reasonable to consider the damper in contact model.
According to [2] , the distributed forces on the contact lines or surfaces are equivalent to four resultant forces, and four resultant forces are calculated by the gripping model which satisfies the force closure conditions. And the dynamic gripping also satisfies the force colure condition for each moment, or the gripping may fail. It is effective to solve the contact problems using theory of the dexterous hands.
In this paper, four resultant forces are also represented by the way of simplifying the distributed forces. Considering the deformation of the work-piece and the losing of energy, it is reasonable to simplify the dynamic contact model by a spring-damper system. So the contact problem is seen as contact of two rigid bodies with spring-damper system. By considering the dynamics of work-piece, the dynamic equations of the work-piece are formulated based on this contact model. To solve the dynamic equations more easily, the solution of dynamic equations are completed in Adams by defining the same constrained conditions, and the contact forces are calculated out. By compared with contact forces of the gripping model in paper [3] , the regularity of dynamic contact forces can be gotten which is very helpful for the design and control of large-scale forging manipulators. R G is the grasp matrix in coordinate system of gripped object, 6 R W is a 6D external wrench on the object, is the Lagrange multiplier. Through the gradients of on F and equal to zero, the initial contact forces can be calculated as: Figure. 2 The simplified mechanism of the grippers According to [3] , the friction cone constraints are equivalent to the positive definiteness of a matrix. So the contact forces can be optimized by the gradient flows. Therefore, the minimal contact forces can be gotten associated with the corresponding contact points. For purpose of comparing contact forces, the gripping forces and driving forces of the tongs are calculated in eq.3 and eq.4 through gripping mechanism. Figure. 2 shows a simplified configuration of the gripper mechanism. There are two kinds of tongs showed in Figure. 3 which including the constrained tongs ( Figure. ( Where is the angle of the 'V' shape tongs including constrained tongs and under-constrained tongs, R 1 and R 2 are the gripping forces of the upper and lower tongs respectively, bi is the length of connecting rod, f ix is the normal force at the ith contact point. The parameters of the gripper for calculation are shown in table . The gripping driving force in Figure.4 does not calculate the inertia force of the work-piece in rotating. The results reflect the change of static driving force in rotation.
III. DYNAMIC EQUATIONS OF THE WORK-PIECE
An equivalent friction point gripping model has been presented based on the simplified gripping model of multifingered robot hands, and the results of simulation could reflect the variation of contact forces properly. To calculate the contact forces more reasonable, a detailed contact model of two rigid bodies with spring-damper system [6] is presented which is shown in Figure. 5. This approach neglects all elastodynamics, elastics behavior is reduce to a position and velocity dependent force.
It is easy to get the dynamic equations from eq.5 and eq.6, and dynamic equations are shown in eq.7. [4] [5] F = KY + CY (5) GF w (6) ( ) G KY CY w + MX When the work-piece has a movement, the contact forces can be calculated from the movement of contact point i which is associated with the work-piece.
IV. THE COUSE OF CALCULATION AND RESULTS
It is an effective way to calculate contact forces in Adams. The experimental model of forging manipulator grippers is shown in Figure. 6. The simulation of dynamic equations can be completed by defining the contact status in contact surfaces and parameters of contact model which is given in table . For the purpose of comparing contact forces, the same conditions of calculating contact forces should be guaranteed. In the simulation, keeping the work-piece and the tongs contact exactly could satisfy the stability of work-piece's movement. So it is easy to get the contact forces with the gravity and inertial force of work-piece. To satisfy the stability of gripping object, this is the minimal contact forces in the course of rotation. Dynamic process is set as follows: gripping work-piece (0s~2s), lifting work-piece (2s~3s), and rotating at the speed of pi/20 rad/s (3s~43s). The results of the simulation are shown in figure.7 and figure. 8. The origin of contact points' coordinate is in the midpoint of the tongs. [6] [7] And it is easy to find that the contact points are different in the rotation of gripping work-piece. For constrained tongs, the positions of the contact points are more close to the edge of the tongs, and the contact forces are smaller than that of under-constrained tongs. But for under-constrained tongs, the positions of the contact points are beside the center of the tongs. For the distance of contact points and contact forces satisfied the equilibrium of the work-piece commonly, the distance and the contact forces are relating to an inverse function. From figure.8, the differences of contact points are very obvious in the vertical direction, and the contact positions are similar to each other in horizontal position. And the contact forces are due to the contact positions mostly.
By comparing of contact forces between the gripping model and dynamic equation, the results can be listed as follows:
The trend of gripping force is similar for the constrained tongs or under-constrained tongs.
For the same structural tongs, the magnitude of contact forces is a little different.
The same trend demonstrates that the regularity of contact forces in rotation. The reason for the differences is that the contact forces can be changed respectively to keep the stability of forging work-piece for equivalent multifingered gripping, but the contact forces are associated with each other in dynamic simulation. It will lead to changes of other contact forces to increase contact forces on one contact point.
V. CONCLUTIONS
A contact model is presented which describes the contact between two rigid bodies with the spring-damper system by considering the deformation of the work-piece. And dynamic equations of work-piece are formulated following the force closure conditions. For forging manipulators, the contact forces have much to do with the contact position of the contact points, and they are of an inverse function in gripping the same object. This indicates the advantages of the optimal design of mechanism in decreasing the driving force. From the analysis of contact forces between the equivalent multi-fingered gripping model and the dynamic contact model based on spring-damper system, the characteristic of contact forces is found. For constrained tongs, the contact forces are increased in the first quarter of rotation; but for under-constrained tongs, the contact forces are decreased in the same process. However, it can be seen that the grasp of forging manipulator grippers is a little different from that of equivalent multi-fingered robotic hands. The difference is that contact forces in forging manipulator grippers are associated with each other and contact forces in equivalent multi-fingered hands are respective in gripping work-piece. The researches of dynamic contact forces are helpful the optimization and design of control system for a large-scale heavy forging manipulator.
